Amphibian embryo glutathione transferase: amino acid sequence and structural properties
Cytosolic glutathione transferases (GSTs ; EC 2.5.1.18) comprise a family of multifunctional dimeric proteins which catalyse conjugation of glutathione to a large variety of endogenous and exogenous electrophilic compounds [1, 2] . The structure and functions of mammalian cytosolic GSTs have been the subject of numerous investigations, and the multitude of forms so far characterized can be grouped into at least five distinct classes, namely, Alpha, Mu, Pi, Theta and Sigma [3] [4] [5] . GST isoenzymes belonging to the same class show 70-80 % identity in their primary structure, whereas GSTs belonging to different classes have less than 30 % sequence identity [1, 2] . In comparison with mammalian GSTs, relatively little is known about amphibian GSTs. In previous studies we have purified and characterized a GST isoenzyme from common-toad (Bufo bufo) embryos at an early developmental stage (Bufo bufo GSTIII) that cross-reacted with antisera raised against hGSTP1-1 [6] . Further studies investigating the expression of GST subunit during Bufo bufo embryo development have revealed that the embryonic GST, which is continuously expressed at high levels up to the end of development, declines to very low levels in adult toad liver [7, 8] .
To elucidate the structure-function relationship of Bufo bufo embryo GST we have determined its amino acid sequence and further characterized its functional properties.
The complete amino acid sequence of GST from Bufo bufo embryo is reported in Figure 1 . The enzyme subunit has 210 amino acid residues, yielding a molecular mass of 23 740 Da, which is in good agreement with the previously reported value from SDS\PAGE [6] . The primary structure of the protein was reconstructed following the isolation and characterization of an almost complete set of tryptic peptides which were ordered with the help of overlapping peptides produced by CNBr fragmentation. The C-terminal region of the protein was elucidated after isolation and characterization of peptides obtained by Asp-N endoproteinase of the CNBr fragment starting from Met"!'. At positions 10 and 130 respectively, valine and cysteine residues were also found, at lower yield (about 10 %), giving evidence for the presence of structural microheterogeneity. When compared with the GST primary structure of other classes, Bufo bufo embryo GST showed 63-69 % identity with the mammalian Piclass GSTs and only 40-43 % identity with parasitic Pi-class GSTs. On the other hand, the sequence identity between Bufo bufo embryo GST and the GSTs belonging to Alpha, Mu, Theta and Sigma classes was shown to to be less than 30 %. Thus, on the basis of sequence identity comparison, the Bufo bufo embryo enzyme can be included into the Pi family and, following the recommended nomenclature [9] , named bbGSTP1-1.
Crystallographic analyses [10] [11] [12] [13] [14] have indicated that the residues of mammalian Pi-class GSTs in contact with GSH are Tyr(, Arg"$, Trp$), Lys%%, Gln&", Leu&#, Pro&$, Gln'%, Ser'&, Glu*( and Asp*). All of the abovementioned amino acid residues are conserved in amphibian Pi-class GST (Figure 1) , suggesting an identical organization of the GSH-binding site. Although the precise structure of the H-site of mammalian Pi-class GSTs is not yet well defined, it appears that Tyr(, Phe), Pro*, Val"!, Val$&, Tyr"!) and Gly#!& may play a critical role [10] [11] [12] . All these residues are conserved in bbGSTP1-1, with the exception of Pro*, Val"! and Val$&, which are replaced respectively with Asn, Ala and Ser (Figure 1 ). These substitutions seem to render the H-site of amphibian GST less hydrophobic with respect to that of mammalian GST, probably responding to the necessity to bind molecules having different chemical structures. Analysis of the crystal structure of GST has allowed the identification of the residues present at the dimer interface [10] [11] [12] [13] [14] . Both hydrophilic and hydrophobic interactions are involved in the dimerization of Pi GST subunits. Ji et al. [15] have shown that the contact between the subunits is created by the stacking of two symmetrical guanidino groups of an arginine residue (Arg(! in mammalian Pi-class GSTs). A residue of arginine at position 70 is also present in the amphibian Pi-class GST. At the end of the interface, in all mammalian GSTP1-1 a ' lock-and-key ' hydrophobic interaction occurs between Phe%* or Tyr%* from one monomer into a hydrophobic pocket on the other side of the interface composed of the side chains of five residues belonging to helices α4 and α5 (Met*", Gly*&, Pro"#), Phe"#* and Leu"$#). With the exception of Pro"#', which is replaced by His, all the other residues are present in bbGSTP1-1, suggesting a possible subtle difference in subunit-subunit interactions between the amphibian and mammalian Pi-class GST.
The study of the effects of a number of thiol-group-reacting compounds, namely iodoacetic acid, 4-(hydroxymercurio)-benzoic acid, 2-iodosobenzoic acid, bromopyruvic acid, iodoacetamide, cysteamine, N-ethylmaleimide and 5,5h-dithiobis-(2-nitrobenzoic acid), 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole, on the bbGSTP1-1 activity indicate that, despite the presence in each subunit of three cysteine residues, i.e. Cys"%, Cys"'* and Cys"((, the integrity of thiol groups is not essential for bbGSTP1-1 catalytic activity. The present results are markedly different from those found for mammalian GSTP1-1. Cysteine residues have been implicated in the catalytic activity of mammalian Piclass GST by a number of groups [16] [17] [18] [19] [20] [21] [22] [23] . Chemical-modification and site-directed-mutagenesis studies showed that Cys%( in hGSTP1-1, mGSTP1-1 and rGSTP1-1 (Cys%& in pGSTP1-1) is responsible for enzyme inactivation, either by conformational changes or by preventing substrate binding [16] [17] [18] [19] [20] [21] [22] [23] . The Cys%(, which is situated at the end of the α2 helix [10] , near the GSHbinding site, may also undergo reversible oxidative inactivation by biological disulphides and thiol-group-containing compounds, forming an intra-or inter-subunit disulphide bond with Cys"!" [20, 22] . Cys%( and Cys"!", which are highly conserved in mammalian Pi-class GST, are respectively replaced by Ala and Leu in amphibian GSTP1-1. Thus, as a consequence of the absence of Cys%( and Cys"!", bbGSTP1-1 is insensitive to thiolgroup-reacting reagents, even though it possesses the conserved Cys"% and Cys"'* residues and the additional Cys residue at position 177, not present in any of all other Pi-class GST. It has been suggested that Cys%( may be implicated in the in i o regulation of mammalian Pi-class GST activity by redox processes [20, 22] . Thus this kind of regulation cannot occur in the amphibian GSTP1-1. It has been recently demonstrated that, in hGSTP1-1, an ion-pair interaction exists between the depro- tonized thiol group of Cys%( and Lys&%. The ion-pair is thought to contribute to stabilizing the N-terminal domain of hGSTP1-1 by reducing the mobility of helix α2 [24, 25] . The lack of this electrostatic interaction in bbGSTP1-1 may therefore render this enzyme more flexible and then susceptible to proteolytic attack.
In conclusion, the amino acid sequence of the major isoenzyme of GST expressed in Bufo bufo embryo has been resolved. On the basis of sequence similarities, it has been concluded that the amphibian GST may be assigned to the Pi class (bbGSTP1-1). Particularly noteworthy is the lack of Cys%( in the amphibian GST, which renders this latter enzyme insensitive to the inactivating effect of alkylating and oxidizing agents. In addition, the lack of Cys%( in bbGSTP1-1 does not allow for the regulation of its activity by redox processes as occurs in mammalian orthologue GST. Moreover, we have detected some other specific amino acid substitutions which could be responsible for some of the peculiar functional properties displayed by this enzyme.
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